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In this paper, silver nanoplates of 100 to 500 nm size were synthesized by reduction of silver nitrate with N,N-
dimethylformamide, using poly(vinylpyrolidone) as a surfactant and ferric chloride as a controlling agent, at 120 to 160 °C
for 5 to 24 hours. The influence of the concentration of ferric chloride, the reaction temperature and reaction time on the mor-
phology of the product has been investigated by transmission electron microscopy, scanning electron microscopy and UV-Vis
spectroscopy. The results indicated that the products obtained at the low reaction temperature and short reaction time in the
presence of FeCl3 in the reaction solution were in the form of silver nanoplates, whose morphology was mainly triangular and
hexagonal. In addition, the size and thickness of the nanoplates increased with increasing of the FeCl3 concentration. At a high
reaction temperature and long reaction time, the truncated triangle and hexagonal nanoplates were mainly produced. Further-
more, the sintering behavior of nanoplates was studied and the results showed that sintering of the silver nanoplates started at
180 °C, and a typical sintering behavior was observed at higher temperatures. The incorporation of the silver nanoplates into the
polymer matrix with micro-sized silver flakes led to an increase in the matrix resistivity in almost all cases, especially at high
fractions and low curing temperatures. The curing temperature had an influence on the resistivity of the conductive adhesives
filled with micro-sized silver flakes and silver nanoplates due to sintering of the silver nanoplates.
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1. Introduction
In recent years, a lot of research studies have

been focused on the growth and properties of two-
dimensional silver (Ag) nanomaterials due to their
amazing ability to control optical properties and
their promising applications in optics, photonics,
electronics and biotechnology [1–18]. For exam-
ple, silver nanostructures melting at a temperature
well below the melting point of the bulk metal can
be used as conductive fillers in electrically conduc-
tive adhesives (ECA) for application in microelec-
tronic packaging [12, 13].

Therefore, it is very essential to develop
a simple and effective preparation method of
silver nanoparticles with controlled size and
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shape [1–11, 14–22]. The methods of synthesis
of silver nanostructures mainly include solvother-
mal/hydrothermal processes [22, 25] and, photoin-
duced [4], seed-mediated growth [3, 20, 21] as
well as template [1, 18] methods. Investigations
showed that the presence of controlling agents is
an important factor to control the morphology of
the silver nanostructures [1–5, 23, 26]. For exam-
ple, Chen et al. [23, 26] reported that using of fer-
ric chloride as a controlling agent is an effective
strategy for producing silver nanowires/nanoplates.
Im et al. [27] demonstrated that the introduction
of hydrochloric acid to the conventional polyol
method facilitates the formation of monodispersed
silver nanocubes. Our group has done some
works to synthesize silver nanostructures with dif-
ferent morphologies, such as nanospheres [19],
nanocubes [28] and nanoplates [29]. However, the

http://www.materialsscience.pwr.wroc.pl/


Synthesis and electrical properties of silver nanoplates for electronic applications 243

large-scale controllable synthesis of silver nano-
structures has been a bottleneck for their using in
commercial applications.

Nowadays, among silver nanostructures, silver
nanoparticles and nanowires have been used as
conductive fillers in ECAs. Compared with con-
ventional microstructures, the higher surface area
of nanostructures increases the contact area be-
tween the filler particles and decreases the perco-
lation threshold, so the adhesives filled with silver
nanostructures contain reduced silver filler content.
This improves the viscosity and reduces internal
stress of the resin mixtures, finally decreases the
costs and makes possible to miniaturize the size of
the electronic devices. However, it also inevitably
increases the number of contact points and reduces
the contact area among the conductive filler parti-
cles so that the resistivity of ECA is high [12, 13].
Until now, academic reports concerning the ef-
fects of the silver nanostructures still present incon-
sistent conclusions [30–32]. Recently, the unique
properties of silver nanostructures melting at a tem-
perature well below the melting point of the bulk
metal, increasingly arouse people’s attention [30–
32]. Sintering of silver nanostructures, which fuse
into each other and form metallurgical contacts,
can improve the interfacial properties of conductive
fillers and polymer matrices, reduce the contact re-
sistance between the filler particles and increase the
conductivity of ECA.

To the best of our knowledge, there has been
no report on the effects of silver nanoplates as
fillers on the electrical properties of ECA. In
this paper, we report the fabrication of silver
nanoplates via a solvothermal method by reduc-
ing AgNO3 with N,N-dimethylformamide (DMF),
using poly(vinylpyrrolidone) (PVP) as a surfactant
and ferric chloride (FeCl3) as a controlling agent,
followed by heat-treatment at 120 to 160 °C for
5 to 24 hours. It was found that the presence of
FeCl3 had a significant effect on the synthesis of
silver nanostructures with controllable morpholo-
gies. The influences of other reaction parameters,
such as the concentration of FeCl3, the reaction
temperature and reaction time, have also been in-
vestigated. Meanwhile, the sintering behavior of

silver nanoplates was studied and characterization
of silver nanoplates after heat treatment was per-
formed. Further, the ECA were made by adding
micro-sized silver flakes and silver nanoplates as
hybrid fillers to the polymer composites consisting
mainly of epoxy resin, curing agent and catalyst.
Their properties were investigated in detail in terms
of the fractions of silver nanoparticles in the total
volume of silver filler, microstructure and the cur-
ing temperature.

2. Experimental
2.1. Materials

Silver nitrate (AgNO3, >99.8 %) and
poly(vinylpyrrolidone) (PVP, (C6H9NO)n,
K30, Mw = 40000) were purchased from
Sinopharm Group Chemical Reagent Co., Ltd., and
N,N-dimethylformamide (DMF, HCON(CH3)2,
>99.5 %) was purchased from Shanghai
Chemical Reagent Co., Ltd., Ferric chloride
(FeCl3·6H2O, >99.0 %) and absolute ethanol
(CH3CH2OH, >99.7 %) were purchased from
Tianjin Yongda Chemical Co., Ltd., Digly-
cidyl ether of bisphenol A (R-128) was pur-
chased from Guangzhou Hongchang Co., Ltd.
4-methylhexahydrophthalic anhydride (MHHPA)
and 2-ethyl-4-methylimidazole (2E4MZ) were
supplied by Guangtuo Chemical Co., Ltd. Silver
flakes (SF1023K, D90 < 5 µm) were purchased
from Guangdong Fenghua Advanced Technology
Group Co., Ltd. All chemicals were used without
further purification.

2.2. Synthesis of silver nanoplates and
ECA preparation

In a typical experimental process, 0.68 g PVP
was dissolved into 40 mL of 100 µmol · L−1 FeCl3
DMF solution. 0.68 g AgNO3 was dissolved into
40 mL DMF solution, and was then rapidly injected
into the vigorously magnetically stirred DMF so-
lution with PVP and FeCl3 in a minute. The so-
lution turned brown immediately, and it was fur-
ther stirred for another 15 min and transferred into
a 100 mL Teflon-lined autoclave tube. The tube
was sealed and maintained at 160 °C for 6 h,
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followed by natural cooling to room temperature.
The color of the reaction solution was gray and
deepened with increasing of FeCl3 concentration.
Silver nanostructures were purified by centrifuging
at 5000 rpm for 15 min in the presence of acetone.
The purified silver nanostructures were dispersed
in DI water for further characterization.

R-128, MHHPA and 2E4MZ with a weight ra-
tio of 1:0.85:0.05 were put into a small beaker, and
sonicated for 30 min. Then, the micro-sized silver
flakes were incorporated into the polymer matrix
by sonication for another 30 min to make the filler
uniformly dispersed in the mixture, and the silver
nanoplates were also incorporated into the poly-
mer matrix after sonication for more than 60 min to
disperse the conductive fillers. Two strips of poly-
imide tape were applied onto a pre-cleaned glass
slide with a gap width of 1 cm. The formulated
composite was injected into the space between the
two strips. The polyimide tapes were removed be-
fore curing.

2.3. Characterization
All transmission electron microscope (TEM)

images were taken using a JEOL 200CX TEM op-
erated at 200 kV. Scanning electron microscopy
(SEM) images were taken on a JSM-6460. X-ray
diffraction (XRD) patterns of the nanoplates were
recorded by a Rigaku D8-Discover diffractome-
ter using CuKα radiation (λ = 1.5418 Å) and
a graphite monochromator, at a scanning rate of
0.02 degree per second in 2θ range of 20 to 85°.
The UV-Vis absorption spectra were obtained using
a 760CRT spectrophotometer with quartz cuvettes
at room temperature. The resistivity of the ECA
was measured using a DMR-1C four-point probe
meter (Nanjing Daming instrument Co., Ltd.). The
resistivity, ρ, was calculated using the following
equation:

ρ = RLω (1)

where RL and ω are resistance per square and
thickness of the sample, respectively. The thickness
of the cured samples was measured by a microm-
eter gauge. The average sheet resistance and the
thickness of the sample were estimated from the

measurements at six points chosen on the sample
surface.

3. Results and discussion
3.1. Characterization of silver nanoplates

To clarify the role of FeCl3 in the growth pro-
cess, we conducted the experiments using the pro-
cedure similar to that described in section 2.2, ex-
cept that different FeCl3 concentrations were used.
Fig. 1 shows the SEM images of silver nano-
structures prepared with 0, 0.05, 0.1, 0.3 and 0.4
mmol · L−1 FeCl3, respectively. In the absence
of FeCl3, there are mixed nanostructures of sil-
ver nanoplates, nanoparticles and a few nanorods
(Fig. 1a). When FeCl3 was added into the reac-
tion solution, irregular nanoplates, including tri-
angular, quadrilateral, pentagon, hexagonal struc-
tures, shown in Fig. 1b to 1e, were obtained. With
increasing of FeCl3 concentration from 0.05 to 0.4
mmol · L−1, the number of hexagonal nanoplates
and their size and thickness increased. The range
of sizes of as-prepared nanostructures is 100 to
500 nm. Results of the research show that the in-
troduction of FeCl3 to the reaction solution plays an
important role in the formation of silver nanoplates.
It is mainly because in the initial stage, AgCl col-
loids are formed that control the free Ag+ ions con-
centration in the DMF solution, which promotes
the growth of silver nanoplates [23, 26].

In order to understand the formation of silver
nanoplates, we measured the UV-Vis absorption
spectra of the silver nanostructures obtained at dif-
ferent concentrations of FeCl3, shown in Fig. 1.
The appearance of the broad and intense peak at
∼420 nm (Fig. 2 curve a) indicates the formation
of silver nanoparticles [17, 19]. In addition, the
absorption peak at ∼355 nm and absorption band
in the range of 500 to 800 nm indicate the pres-
ence of mixed silver nanoplates, nanoparticles and
nanorods with different sizes. For FeCl3 concen-
tration of 0.05 mmol · L−1 (Fig. 2 curve b), the
peak is considerably blue-shifted from 420 nm to
385 nm, which is accompanied by a weaker ab-
sorption intensity at 355 nm and a very strong
absorption band in the range of 420 to 800 nm
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Fig. 1. SEM images of silver nanostructures prepared with different FeCl3 concentrations: (a) 0, (b) 0.05, (c) 0.1,
(d) 0.3 and (e) 0.4 mmol · L−1.

because of the appearance of silver nanoplates.
Based on theoretical calculations by Jin et al. [4],
the 355 nm peak can be related to the out-of-
plane quadrupole plasmon resonance, whereas the
390 nm peak results from the in-plane quadrupole
plasmon resonance [33, 34]. It is worth noting that
the peak at 335 nm has not changed in all the
experimental conditions. This result indicates that
the out-of-plane quadrupole plasmon resonance is
not affected by the morphology and size of silver
nanoplates. With the increase of FeCl3 concentra-
tion from 0.05 to 0.4 mmol · L−1, the absorption
peak has red-shifted from 385 nm to 405 nm, which
indicates an increase in the size of nanoplates [36].
The result of the analysis of UV-Vis absorption
spectra is consistent with that of the SEM images
(Fig. 1).

The effects of the reaction temperature and re-
action time on the morphology of silver nano-
structures were investigated. Fig. 3 shows the UV-
Vis absorption spectra of silver nanostructures pre-
pared using a procedure similar to that described
in section 2.2, at different reaction times. It is clear

Fig. 2. UV-Vis absorption spectra of silver nano-
structures prepared with different FeCl3 concen-
trations: (a) 0, (b) 0.05, (c) 0.1, (d) 0.3 and (e)
0.4 mmol · L−1.

that silver nanoplates were obtained after 5 h, and
the extension of reaction time caused that the peak
blue-shifted from 427 nm to 392 nm, which indi-
cates that the size of the structures became smaller
and they gained hexagonal shapes with truncated
angles [36].



246 NANA XIONG et al.

Fig. 3. UV-Vis absorption spectra of silver nano-
structures prepared during different reaction
times: (a) 5 h, (b) 10 h, (c) 15 h and (d) 24 h.

Fig. 4 shows TEM images of silver nanoplates
prepared for 5, 10, 15 and 24 h, respectively. As
can be seen from Fig. 4, after 5 h, triangular and
hexagonal silver nanoplates were obtained
(Fig. 4a), and after 15 h, the structures changed into
the truncated triangle and hexagonal nanoplates
(Fig. 4d). Fig. 5 shows the UV-Vis absorption
spectra of silver nanostructures prepared with
0.1 mmol · L−1 FeC13 at different reaction tem-
peratures for 6 h. The curves a, b and c were taken
for the samples prepared at 120 °C, 130 °C and
150 °C, respectively. As can be seen from Fig. 5,
the UV-Vis absorption spectra have characteristics
typical of silver nanoplates. The main difference
is that for the sample obtained at the reaction tem-
perature of 150 °C there is an intense absorption
in the long wavelength band. It indicates that not
only the size and thickness of the silver nanoplates
became larger but also their morphologies changed
into truncated triangle and hexagonal nanoplates.
The above phenomena suggest that the reaction
temperature and the reaction time have an impor-
tant effect on the morphology of silver nanoplates.

Fig. 6 shows a typical powder XRD pattern
of the as-prepared silver nanoplates. The intensive
diffraction peak located at 2θ = 38°, comes form
the (111) plane of fcc silver (JCPDS No. 4-0783).
All these observations reveal that the nanoplates
basal plane is the (111) plane, which is consis-
tent with previous studies on silver nanocrystals
bounded by atomically flat surfaces. However, no

Fig. 4. TEM images of silver nanostructures prepared
during different reaction times: (a) 5 h, (b) 10 h,
(c) 15 h and (d) 24 h.

Fig. 5. UV-Vis absorption spectra of silver nano-
structures prepared at different reaction temper-
atures for 6 h: (a) 120 °C, (b) 130 °C and (c)
150 °C.

diffraction peaks of AgCl colloids, which formed
in the initial stage, can be observed in Fig. 6. This
result indicates that the introduction of FeCl3 to the
reaction solution has a limited effect on the purity
of silver nanoplates. The FeCl3 added into the re-
action solution caused that the AgCl colloids were
formed in the initial stage, which resulted in de-
creasing free Ag+ ions during the initial formation
of silver seeds and slow releasing of Ag+ ions to
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the solution during the subsequent reaction. This
led to the formation of silver nanoplates.

Fig. 6. XRD pattern of the as-prepared silver
nanoplates.

3.2. Sintering behavior of silver
nanoplates

Fig. 7 shows the SEM images of the silver
nanoplates sintered on glass substrates at 180, 200,
250 and 300 °C for 30 min, respectively. It can be
seen that the silver nanoplates growth and shape
accommodation took place after sintering. The sin-
tering started at 180 °C, as shown in Fig. 7b. At
250 °C, silver nanoplates were almost completely
sintered and formed a porous network. (Fig. 7c).
It seems that the nanoplates may assist to decrease
the melting point. At 300 °C, the silver nanoplates
formed large chunks dispersed in the porous
network.

3.3. ECA filled with micro-sized silver
flakes and nanoparticles

Fig. 8 shows the resistivity of the ECA filled
with micro-sized silver flakes and different frac-
tions of silver nanoplates in 75 wt.% of silver
filler after curing at 180, 200, 250, and 300 °C for
60 min. It can be seen that the resistivities of the
polymer matrixes doped with silver nanoplates in-
crease in all cases, especially in the case of the high
fraction of the nanoplates and low curing temper-
ature. When 30 wt.% silver nanoplates of the to-
tal of silver filler were doped into the ECA cured

Fig. 7. SEM images of the silver nanoplates sintered
on glass substrate at different temperatures for
30 min: (a) 150 °C, (b) 180 °C, (c) 250 °C, (d)
300 °C.

at 180 °C, 200 °C and 250 °C, the resistivity in-
creased 2700 times, 2560 times and 5.02 times,
respectively. In literature it was implied that doping
with silver nanostructures inevitably increases the
contact resistance. However, the nanostructures,
due to their small size, may enter into the gaps be-
tween unattached silver flakes, built a new network,
and, in this way, reduce slightly the ESA resistiv-
ity [30–32]. It is clear that in our experiment the
role of the silver nanoplates is mainly to increase
the contact resistance. In the system of ECA filled
with the micro-sized silver flakes and nanoplates
as hybrid fillers, with the increase of the content
of silver nanoplates in the total filler, the content
of micro-sized silver flakes gradually decreases, so
that the conductive network established by the sil-
ver flakes obviously decreases and the contact re-
sistance increases. The experimental results indi-
cate that the improvement of the electrical conduc-
tivity of the ECA depends on the synergy of silver
flakes and nanoplates. In other words, it means that
silver nanoplates mixed with silver flakes only play
limited and auxiliary role in conductive networks.
In addition, it can be seen from Fig. 8, that the re-
sistivity of the ECA reduces with increasing of the
curing temperature, especially at 250 and 300 °C
when the nanoplates start fusing and sintering. It
means that the temperature affects the conductivity
of the ECA doped with silver nanoplates.
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Fig. 8. Resistivity of the ECA filled with micro-sized
silver flakes and different fractions of silver
nanoplates in 75 wt.% of silver filler after cur-
ing at 180 °C, 200 °C, 250 °C, and 300 °C for
60 min.

Fig. 9 shows SEM images of the ECA filled
with micro-sized silver flakes and 5 %, 10 %, 15 %,
20 % and 30 % silver nanoplates in 75 wt.% of sil-
ver filler after curing at 180 °C for 60 min. As can
be seen from Fig. 9, the silver nanoplates adsorb on
the surface of the silver flakes, and with increasing
of the content of silver nanoplates, more and more
silver nanoplates adsorb and cover the surfaces of
the silver flakes. It also explains the reasons why
the resistivity increases with increasing of the con-
tent of silver nanoplates. It is worth pointing out
that the distance between the silver nanoplates is
large so that the tunneling current can hardly hap-
pen. Based on the results presented above, it can
be stated that incorporation of the silver nanoplates
into the polymer matrix deteriorated the conduc-
tivity, so we think that the effective dispersion of
fillers in the polymer matrix to establish more con-
ductive paths is the key factor to obtain the high
electrical conductivity.

Fig. 10 shows SEM images of the ECA filled
with micro-sized silver flakes and 10 and 30 % sil-
ver nanoplates (Fig. 10a and 10b) in 75 wt.% of
silver filler cured at 200 °C, 250 °C and 300 °C
for 60 min, respectively. Sintering of the silver
filler is observed at 250 °C. At 300 °C, the silver
nanoplates and silver flakes form sintered blocks
whose morphology is similar to the morphology
typical of sintered ceramic powders. However, the

morphologies of the sintered fillers cured at 300 °C
almost do not depend on the content of silver
nanoplates. It also explains the reason why the dif-
ferences in conductivities were so little when the
ECA were cured at 300 °C.

In order to further analyze the effect of sil-
ver nanoplates on the conductivity of ECA, we
also studied the resistivity of the ECA filled with
micro-sized silver flakes and different fractions of
silver nanoplates in 65 wt.% of silver filler after
curing at 180, 250, and 300 °C for 60 min, as
shown in Fig. 11. Obviously, the incorporation of
the nanoplates resulted in increasing of the resistiv-
ity, except the sample cured at 300 °C. It is likely
that the fusing and sintering of silver nanoplates at
300 °C helped to fill the gaps between silver flakes
and build the conductive network which reduced
the resistivity of the composite.

4. Conclusions
Silver nanoplates were synthesized

through reducing of silver nitrate with N,N-
dimethylformamide, using poly(vinylprrolidone)
(PVP) as a surfactant and ferric chloride as a
controlling agent, at 120 to 160 °C for 5 to
24 hours. The influence of the concentration
of ferric chloride, the reaction temperature and
reaction time on the morphologies of the products
has been investigated by transmission electron
microscopy, scanning electron microscopy and
UV-Vis spectroscopy. The results indicated that
the products obtained in the presence of FeCl3 in
the reaction solution were in the form of silver
nanoplates, and the morphologies of the silver
nanoplates prepared at low reaction temperatures
and the short reaction times were mainly triangular
and hexagonal. In addition, the size and thickness
of the structures increased with increasing of the
FeCl3 concentration. The truncated triangle and
hexagonal nanoplates were the main products
obtained at high reaction temperatures and long
reaction times. In addition, the sintering behavior
of nanoplates was studied and the results showed
that the silver nanoplates began sintering at 180 °C,
and a typical sintering behavior was observed at
higher temperatures. The incorporation of the
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Fig. 9. SEM images of ECA with micro-sized silver flakes and (a) 5 %, (b) 10 %, (c) 15 %, (d) 20 % and (e) 30 %
of silver nanoplates in 75 wt.% silver filler after curing at 180 °C for 60 min. The insets show magnified
images.

Fig. 10. SEM images of the ECAs filled with micro-sized silver flakes and (a) 10 %, (b) 30 % of silver nanoplates
in 75 wt.% silver filler cured at 200 °C, 250 °C and 300 °C for 60 min.

Fig. 11. Resistivity of the ECA filled with micro-sized silver flakes and different fractions of silver nanoplates in
65 wt.% of silver filler after curing at 180 °C, 250 °C, and 300 °C for 60 min.
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silver nanoplates into the polymer matrix with
micro-sized silver flakes led to the increase in the
resistivity in almost all cases, especially at the high
fractions and low curing temperatures. The curing
temperature had an influence on the resistivity
of the ECA filled with micro-sized silver flakes
and silver nanoplates due to sintering of the silver
nanoplates.
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